Abstract:
Introduction
Metal-organic frameworks are a new family of porous materials with well defined structures and intriguing functionality. In contrast to other porous materials such as activated carbons, the size and shape of pores are controllable which makes it possible to synthesize compounds of desirable structure with a network of uniform size pores. The compounds are constructed by self-assembly of the metal ions with multifunctional organic linkers. The frameworks of coordination polymers can be tuned by changing the combination of the reagents. Usually, the metal ions which are connected to each other by the carboxylate or azolate group form the inorganic secondary building units (SBUs). These moieties are responsible for the architecture of the compounds [1] [2] [3] .
The vast majority of the published frameworks are generated from multifunctional ligands bearing the carboxylate groups. They are attractive as ligands in the synthesis of coordination polymers due to their high acidity that allows for in-situ deprotonation. The carboxylate groups frequently bridge adjacent metal centers that influence the increase of coordination polymers stability which is crucial to potential applications of compounds [4, 5] .
One of the most exploited carboxylate linkers in construction of high-dimensional coordination polymers is biphenyl-4,4`-dicarboxylic acid (H 2 bpdc). A literature study about metal-organic frameworks shows a huge number of papers dealing with complexes formed based on such a ligand. The bpdc 2-moiety which is able to act as a bridging ligand in various ligating fashions due to the presence of two carboxylic groups that can versatile coordinate to several metal ions. Scheme 1 illustrates the coordination fashions of the biphenyl-4,4`-dicarboxylate ligand in known crystal structures of the metal complexes . Most of the known crystal structures are of polymeric character. In metal biphenyl-4,4`-dicarboxylates, very often both carboxylate groups adopt the bidentate-bridging coordination mode and the bpdc ligand appears as a fourdentate ligand. Majority of complexes are assembled by transition metals such as: Co(II), Cu(II), Cd(II), Ni(II), Mn(II), Cr(III), Ru(II) and Rh(II). They form polymeric structures with a great diversity of coordination modes of COO groups. Also the biphenyl-4,4`-dicarboxylates of metals from s-block such as Na [65] 
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Synthesis, crystal structure, spectroscopic and thermal investigations of neodymium (III) biphenyl-4,4`-dicarboxylate framework a large diversity of coordination modes of COO groups. The monomeric structures are formed in the case of Ag complexes when both COO groups are of monodenate character [9, 20] . Rare earth elements react with the biphenyl-4,4`-dicarboxylate ligand always creating polymeric structures. The bpdc linker appears as a tri- [23,25], tetra-[25,32,36,50,64] or pentadentate ligand [32, 38, 64] achieving coordination modes: f, i, k, l and n (Scheme 1). The tridentate bpdc ligand appears in the complexes of Eu, Pr, Gd and Er [25] when one COO group is of monodentate character and the other adopts the bidenate-bridging coordination mode.
In the crystal structures of the La, Ce, Sm, Eu, Nd and Gd complexes, the bpdc ligand simultaneously behaves as a tetra-and pentadentate ligands [32, 36, 55] [35] . In these complexes coordination environment is completed (except the bpdc ligand) by aqua and N,N`-dimethylformamide molecules.
This paper is the continuation of investigations on lanthanide complexes with polycarboxylic acids [68] [69] [70] [71] [72] . The present work concerns the synthesis and characterization of the crystal structure of neodymium(III) complex with biphenyl-4,4`-dicarboxylic acid and N,N`-dimethylformamide molecule as a co-ligand. The influence of temperature on the crystal structure was investigated by means of the thermal analyses TG-DSC and TG-FTIR. The infrared spectrum of the complex was also analyzed in relation to the crystal structure.
Experimental procedure

Synthesis
The neodymium chloride was prepared by dissolving of 1 mmol (0.3364 g) of Nd 2 O 3 in excess of 6 M HCl solution (2 mL). The obtained clear solution of neodymium(III) chloride was slowly heating up to evaporate of acid excess. Next, the crystalline hydrate of neodymium [7, 14, 26, 27] ; h) [27] ; i) [7, [13] [14] [15] [16] 25, [28] [29] [30] [31] [32] [33] [34] ; j) [25, 35] ; k) [14, 21, 22, 28, 29, 31, 33, chloride was dissolved in 2 mL of distilled water and slowly evaporated. This action was repeated several times and pH of chloride solution was checked every time. The neodymium chloride solution of pH=4.5 was carefully heating up to crystallization of neodymium(III) chloride hydrate.
A suspension containing 10 mL of N,N`-dimethylformamide (DMF) and 3 mmol of biphenyl-4,4`-dicarboxylic acid (0.7266 g) was added to the 10 mL of DMF solution of neodymium(III) chloride. The obtained precipitate in mother solution was placed in a 75 mL Teflon-lined stainless autoclave. The autoclave was sealed, heated under an autogenous pressure to 140°C for 3 days and then cooled to room temperature for 24 h. Violet needle crystals suitable for single-crystal diffraction study were isolated from the reaction mixture (yield about 5%, 60 mg) and directly used in diffraction measurements and thermal analysis in air. Progressive loss of crystal transparency upon exposition to air due to the desolvation process was observed. The remaining polycrystalline product was filtered off and then washed with DMF solution and dried in air at room temperature. Yield of the bulk compound was about 85% (1.150 mg).
Physicochemical measurements
The data obtained from the elemental analysis were unsatisfactory possibly because of facile solvent loss. The infrared spectra of the complex and biphenyl-4,4`-dicarboxylic acid were recorded in KBr discs on a SPECORD M80 spectrophotometer over the range 4000-400 cm -1 . Thermogravimetric and differential calorimetry analyses were performed on the freshly isolated crystals from the reaction mixture. The simultaneous analysis was carried out by the TG-DSC method using the SETSYS 16/18 analyser (Setaram). The sample (8.47 mg) was heated in ceramic crucible up to 850°C at a heating rate of 10°C min -1 in dynamic air atmosphere (v=0.75 dm 3 h -1 ). The TG-FTIR coupled measurement has been carried out using a Netzsch TG apparatus coupled with a Bruker FTIR IFS66 spectrophotometer. The sample of 11 mg was heated up to 1000°C at a heating rate of 10°C min -1 in flowing argon atmosphere. The X-ray powder diffraction pattern for partially desolvated polycrystalline product was collected on a HZG 4 diffractometer, using Ni filtered CuK α radiations. Measurement was taken over the range of 2θ=5-60°. The obtained XRD pattern of the polycrystalline material is in agreement with the XRD pattern simulated from the single-crystal diffraction data of the title compound ( Supplementary Fig. 1 ). It can be concluded, that the framework remains the same even after partial desolvation of polycrystalline sample.
The XRD pattern of final solid product of thermal decomposition in air was also collected. It corresponds well with Nd 2 O 3 (JCPDS, PDF-2, No 00-006-0408).
X-ray analysis
Single-crystal diffraction data were collected at 100(2) K in the ω mode on an Oxford Diffraction Xcalibur CCD diffractometer with the graphite-monochromated Mo K α radiation (λ=0.71073 Å). The programs CrysAlis CCD and CrysAlis Red [73] were used for data collection, cell refinement and data reduction. The data were corrected for Lorentz and polarization effects. A multi-scan absorption correction was applied.
Crystal structure was solved by direct methods using SHELXS97 and refined by the full-matrix least-squares on F 2 using the SHELXL97 [74] program. The -N(CH 3 ) 2 part of coordinated DMF molecule is disordered between two positions with the site occupancy factors (sof's) of 0.52(1):0.48(1). As both components of the disordered DMF molecule are supposed to be geometrically equivalent, bond lengths and angles in the minor component (lower occupancy factor) were restrained to those observed for the major one; SAME instruction was used for this purple. Similar geometrical restrains were used for one of two symmetry-independent DMF molecules (O9>C30) observed in channels, using O4>C24 as a model unit. All non-H atoms of the second guest molecule (O8>C27) were freely refined.
The refinement of common occupancy factors for all atoms of each guest molecule gave values 0.63(1) and 0.76(1) for molecules O8>C27 and O9>C30, respectively.
The non-H atoms from the disordered part of coordinated DMF molecule as well as one of guest molecules (O9>C30) were refined isotropically, all remaining non-H atoms were refined with anisotropic displacement parameters. C-H hydrogen atoms were placed in geometrically calculated positions and refined using the 'riding model' with U iso = 1.2 -1.5U eq (C). Additional information concerning the refinement procedure is given in the Supplementary Material. A summary of crystal data and refinement details is provided in Table 1 .
Results and discussion
The solvothermal reaction of Nd(III) chloride with biphenyl-4,4`-dicarboxylic acid and a N,N`-dimethylformamide affords needle-shaped crystals of the complex {[Nd(bpdc) 1.5 (DMF)]•1.4DMF} n . Progressive loss of crystal transparency upon exposure to air due to the desolvation process was observed. Only crystals Synthesis, crystal structure, spectroscopic and thermal investigations of neodymium (III) biphenyl-4,4`-dicarboxylate framework isolated from stock solution were suitable for singlecrystal X-ray analysis.
Structure description
The single-crystal X-ray analysis of freshly isolated crystal reveals that the complex {[Nd(bpdc) 1.5 (DMF)]•1.4DMF} n crystallizes in the monoclinic C2 space group. The neodymium(III) ions form the three-dimensionally connected framework with biphenyl-4,4`-dicarboxylic acid. The asymmetric unit of the crystal comprises one neodymium ion, one and a half bpdc ligand, one coordinated DMF molecule and 1.4 uncoordinated DMF. One of the bpdc ligands lies about the crystallographic 2-fold axis.
As shown in Fig. 1 , the neodymium center in this structure appears in the octa-coordinated environment. Seven carboxylate oxygen atoms from the six bpdc residues coordinate Nd atom, and the remaining site in the inner sphere of central atom is occupied by O7 oxygen atom from the DMF molecule. Han et al. [36] described analogous neodymium(III) biphenyl-4,4`-dicarboxylate, which contains formic acid as a complementary ligand in the inner sphere of Nd atom. Oxygen atoms (O1,  O2 ii , O5, O6 i ) (symmetry codes as in Fig. 1 ) originate from different bidentate-bridging COO groups whereas atoms (O3 iv , O4 iv ) come from the same COO group of threedentate bridging-chelating character, and the seventh (O3 iii ) atom originates from carboxylate group of threedentate character. The coordination geometry of Nd(III) can be viewed as being a distorted bi-capped trigonal prism (Fig. 2) . The Nd−O carboxyl bond lengths vary over a range of 2.361(4)−2.663(3) Å, the Nd−O DMF distance is of 2.470(4) Å. These distances are close to the previously reported by Han being in the range 2.354(9)−2.737(8) Å [36] . Selected bond lengths and angles for complex are listed in Table 2 .
As illustrated in Fig. 1 , the two symmetry independent biphenyl-4,4`-dicarboxylate moieties show different coordination modes in the complex. The completely deprotonated bpdc ligands exhibit tetradentate and pentadentate character. Tetradentate ligand (C15/ C21) coordinates four neodymium ions through both COO groups in a bidentate-bridging fashion (Scheme 1, mode k). The pentadentate ligand (C1/C14) shows coordination mode l due to bidentate-bridging and tridentate bridging-chelating character of COO groups. A different coordination fashions of carboxylate groups enforces different values of OCO angles in the bpdc molecules. For the bidentate-bridging fashion the angles O1−C1−O2 and O6−C15−O5 are of 125.1(4) and 124.4(4)°, respectively. The tridentate bridging-chelating fashion of O3−C14−O4 group causes decrease of the angle value to 121.1(4)°.
In the pentadentate bpdc molecule, the dihedral angles between carboxylate groups planes (O1−C1−O2 and O3−C14−O4) and phenyl rings planes C2/C7 and C8/C13 are 19.7(7)° and 14.5(4)°, respectively. Different coordination modes of carboxylate groups cause twisting of phenyl rings about central bond at 30.8(2)°. In the tetradentate bpdc molecule, the dihedral angle between carboxylate group plane (O6−C15−O5) and phenyl ring plane C16/C21 is 9.8(7)°. The dihedral angle between planes of phenyl rings is 12.5(4)°.
The coordination polyhedra of the Nd atoms form vertex-sharing (O3) metallic zig-zag chains propagated along the b axis (Fig. 3a) . The adjacent Nd centers are linked to each other by a pair of carboxylate groups (O1−C1−O2; O6−C15−O5) and bidentate carboxylate oxygen atom with the Nd•••Nd distance of 4.510(4) Å (Fig. 3b) . The neodymium chains are further interconnected by the µ 4 -biphenyl-4,4`-dicarboxylate ligands forming two types of channels: the channels parallel to the b axis (Fig. 3b) and rhombic channels in the b axis direction (Fig. 3c) which are fulfilled by DMF molecules.
Infrared spectra
The infrared spectra of the biphenyl-4,4`-dicarboxylic acid and the complex are shown in Fig. 4 . The spectrum of the acid contains four characteristic bands in the 2980-2850 cm -1 region derived from stretching vibrations of the OH bonds from associated COOH groups. The spectrum of the complex shows only a relatively weak band at 3436 cm -1 probably derived from stretching vibrations of hygroscopic water molecules. The COOH groups in the free ligand give characteristic bands connected with vibrations of components of carboxylic groups, i.e., ν(C=O) (1690-1680 cm -1 ), δ (1428 cm -1 ), ν(C O H) (1296 cm -1 ) and γO H (928 cm -1 ). The absence of these bands in the spectrum of the complex is indicative for the complete deprotonation of both COOH groups [75, 76] . The characteristic bands of carboxylate group in the complex are shown at 1528 and 1396 cm -1 due to the presence of asymmetric and symmetric stretching vibrations, respectively. The presence of the DMF molecules in the crystal structure was confirmed by the infrared spectrum. The bands located at 2928 cm -1 and 1672 cm -1 can be assigned to the stretching vibrations of CH 3 and CO groups from N,N`-dimethylformamide molecules [50, 59, [77] [78] [79] .
The remaining bands observed in the infrared spectra of the acid and the complex are associated with characteristic vibrations of benzene rings. The bands derived from skeleton vibrations of the aromatic benzene ring are observed at 1608, 1580, 1560 and 1496 cm Synthesis, crystal structure, spectroscopic and thermal investigations of neodymium (III) biphenyl-4,4`-dicarboxylate framework 928 cm -1 while the out-of-plane deformation vibrations γ(C Ar H) are assigned to the bands at: 880, 848, 756 cm -1 [80, 81] . The relatively intense band at 416 cm -1 can be assigned to the stretching vibrations of the Nd-O bonds [82, 83] .
Thermal analysis
One of the most important features of the metalorganic frameworks is their thermal stability. To estimate the influence of the temperature on the structure of the complex {[Nd(bpdc) 1.5 (DMF)]•1.4DMF} n , TG/DSC analyses were performed in the air atmosphere. Thermogravimetric analysis of "as-made" complex shows distinct weight loss of 17.75% in the temperature range of 30-123°C, which can be assumed to be a result of the release of more weakly bounded DMF molecules included in the channels (expected loss 14.93%). Additionally, as can be seen from the TG and DSC curves this stage occurs in two well-separated steps in the temperature ranges: 30-75 and 73-125°C accompanied by endothermic effects at: 70.6 and 118°C, respectively (Fig. 5a) . Such a pathway of DMF molecules release may point to the non-equivalence bonding of the DMF molecules included in the channels. It was assumed that removal of solvent molecules from cavities resulted in the formation of Nd(bpdc) 1.5 (DMF), which is stable in the temperature range 120-210°C. Further heating occurring in the temperature range of 210-305°C leads to mass loss of 8.47%. This stage can be attributed to the release of coordinated DMF molecules (expected 10.74%) and formation of the desolvated form of the complex: Nd(bpdc) 1.5 . This desolvation reaction is accompanied by endothermic effect (top peak at 285°C). Upon further heating, in the temperature range of 305-650°C mass loss of 45.13% 1.394(6) N3-C30 1.500(2) C11-C14
1.500(6) C12-C13
1.392 (7) O1-C1-O2 125.1(4) C13-C8
1.394 (7) O4-C14-O3 121.1(4) C14-O4
1.246(6) O6-C15-O5 124.4(4) C14-O3
1.291(6) -x, -1/2+y, 2-z; (ii) 3/2-x, 1/2+y, 2-z; (iii) x, y, z+1; (iv) 3/2-x, 1/2+y, 1-z; (v) 5/2+x, 1/2+y, z+3 Selected bond lengths (Å) and bond angles (º) for complex {[Nd(bpdc) 1.5 (DMF)]•1.4DMF} n .
corresponds to the decomposition of Nd(bpdc) 1.5 . On the DSC curve very strong exothermic effect is observed due to burning of organic moieties. The total observed weight loss of 73.50 % corresponds to the formation of Nd 2 O 3 (calculated 75.23%). The recorded XRD pattern confirmed the formation of hexagonal neodymium oxide (JCPDS, PDF-2, No 00-006-0408) as final solid product of complex decomposition (Fig. 6 ). It should be mentioned that thermal decomposition of the analogous neodymium(III) biphenyl-4,4`-dicarboxylate complex [36] occurs in an entirely different manner. The thermal behaviour of the complex in the inert atmosphere differs significantly to that recorded in air (Fig. 5a ). In the temperature range of 30-320°C only 6.47% weight loss was recorded. This value is smaller than that observed in the air atmosphere, probably as a result of departure of weaker bonded DMF molecules. The FTIR spectrum recorded at 95°C shows that the initial gaseous product of thermal decomposition is DMF (Fig. 5b) . Two bands arising from asymmetric and symmetric stretching vibrations of the CH bond from the CH 3 groups of DMF molecules appear at 2941 and 2845 cm -1 , respectively. The intense band at 1714 cm -1 was assigned to the stretching vibrations of CO group from DMF molecule. The bending vibrations of CH groups were located at 1394 cm -1 . The bands at 1271 and 1082 cm -1 can be assigned to the rocking modes of CH 3 band derived from the gem (CH 3 ) 2 N group of DMF molecule [77] [78] [79] . Confusingly, the TG-FTIR spectra recorded in the range 80-170°C also show the trace of water molecules in spite of the fact that no crystallographic evidence of an incorporated water molecule can be found. These molecules probably were absorbed from the air. The released water molecules give very weak bands in the regions 4000-3500 cm -1 and 1600-1400 cm -1 due to stretching and deformation vibrations of OH groups. Further analysis of the resolved data (Fig. 5b) , shows continuous evolution of the DMF molecules up to 330°C. The products of decarboxylation process also begin to appear in the spectra at such temperature [68] [69] [70] [71] . The doublet-bands at 2177, 2113 cm -1 and 2359, 2343 cm -1 were assigned to Synthesis, crystal structure, spectroscopic and thermal investigations of neodymium(III) biphenyl-4,4`-dicarboxylate framework stretching vibrations of C-O bonds from the released molecules of carbon monoxide and carbon dioxide, respectively. Additionally, the carbon dioxide gives characteristic band at 690 cm -1 derived from the deformation vibrations of CO bonds [80, 81] .
Besides very intense bands from carbon oxides, the FTIR spectrum recorded at about 395°C shows also several medium intense bands in the regions: 3250-2750 cm -1 and 1800-1020 cm -1 . They are connected probably with stretching and deformations vibrations of CH groups from hydrocarbons formed during thermal decomposition of the ligand. These bands are very weak in the temperature range of 420-500°C which suggests formation of relatively stable intermediate products. As can be seen from Fig. 5b , at about 620°C very intense bands of CO 2 and CO are observed again as the products of thermal decomposition of some solid intermediate products.
Conclusions
The solvothermal reaction of neodymium(III) chloride with biphenyl-4,4`-dicarboxylic acid leads to the formation of monocrystals of {[Nd(bpdc) 1.5 (DMF)]• •1.4DMF} n . This three-dimensional complex consists of eight-coordinated metal centers connected by bpdc ligands. DMF molecules are coordinated to the metal centers as well as appear as uncoordinated in the channels. The thermal analyses confirm multi-steps release of DMF molecules from the structure.
Supplementary data
CCDC No 805400 contains the supplementary crystallographic data for this compound. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax (+44) 1223-336-033 or via http://www.ccdc.cam.ac.uk/data_request/cif. Additional information concerning the refinement procedure is given as a Supplementary Material.
